Measurements of face shear properties in relaxor-PbTiO3 single crystals J. Appl. Phys. 110, 064106 (2011) Resonance magnetoelectric effects in a piezoelectric bimorph J. Appl. Phys. 110, 066101 (2011) First-principles calculations of 17O nuclear magnetic resonance chemical shielding in Pb(Zr1/2Ti1/2)O3 and Pb(Mg1/3Nb2/3)O3: Linear dependence on transition-metal/oxygen bond lengths J. Chem. Phys. 135, 114507 (2011) Magneto-piezoresistance in elastomagnetic composites J. Appl. Phys. 110, 063903 (2011) Additional information on J. Appl. Phys. There is an urgent demand for high performance Pb-free piezoelectrics to substitute for the current workhorse, the lead zirconate titanate (PZT) family. Recently, a triple point (also tricritical point) type morphotropic phase boundary (MPB) in Pb-free Ba(Zr 0.2 Ti 0.8 )O 3 -x(Ba 0.7 Ca 0.3 )TiO 3 system has been reported that shows equally as excellent piezoelectricity as soft PZT at room temperature (Liu and Ren 6 ). In the present study, we measured a full set of elastic, piezoelectric, and dielectric properties for the MPB composition, Ba ( C. Our results show that the properties are optimal around MPB temperature (room temperature) and decrease with deviations from the MPB temperature. Nevertheless, the piezoelectric coefficient d 33 can maintain an appreciable level of 93 pC/N even at À50 C. The high piezoelectric properties can be ascribed to the low polarization anisotropy as well as the elastic softening at MPB.
There is an urgent demand for high performance Pb-free piezoelectrics to substitute for the current workhorse, the lead zirconate titanate (PZT) family. Recently, a triple point (also tricritical point) type morphotropic phase boundary (MPB) in Pb-free Ba(Zr 0.2 Ti 0.8 )O 3 -x(Ba 0.7 Ca 0.3 )TiO 3 system has been reported that shows equally as excellent piezoelectricity as soft PZT at room temperature (Liu and Ren 6 ). In the present study, we measured a full set of elastic, piezoelectric, and dielectric properties for the MPB composition, Ba(Zr 0.2 Ti 0. 8 C. Our results show that the properties are optimal around MPB temperature (room temperature) and decrease with deviations from the MPB temperature. Nevertheless, the piezoelectric coefficient d 33 can maintain an appreciable level of 93 pC/N even at À50 C. The high piezoelectric properties can be ascribed to the low polarization anisotropy as well as the elastic softening at MPB. 3, 4 Unfortunately, PZT is now facing global restrictions in its usage because of Pb toxicity to the environment and to human body. Therefore there is an urgent need to develop Pb-free piezoelectric materials that can compete with PZT family, in particular the high-end soft PZT with a d 33 > 500 pC/N. [5] [6] [7] [8] [9] [10] [11] [12] Recently a Pb-free ferroelectric system Ba(Zr 0.2 Ti 0.8 )O 3 -x(Ba 0.7 Ca 0.3 )TiO 3 (hereafter abbreviated as BZT-xBCT) has been reported, and it exhibits an equally excellent piezoelectricity as in Pb-based systems. 6 BZT-xBCT shows a phase diagram similar to the Pb-based systems like PZT, PMN-PT, and PZT-PT, 13, 14 that is, with a morphotropic phase boundary (MPB) starting from a triple point of a paraelectric cubic phase (C), ferroelectric rhombohedral (R), and tetragonal (T) phase. 6 This triple point is shown to be a tricritical point, and this leads to an anisotropically flattened energy profile 6 so that the polarization can be easily rotated by external stress or electric field between h111i R and h001i T states. 15, 16 Therefore the newly reported BZT-xBCT system exhibits very high piezoelectric performance. For the MPB composition x ¼ 50 (BZT-50BCT), the piezoelectric coefficient d 33 is found to be a very high value of 580 -600 pC/N [measured by a commercial Berlincourt-type d 33 meter (ZJ-3A)]. 6 Such a high d 33 even can compare with that of the best soft PZT. Nevertheless a complete set of elastic, dielectric, and piezoelectric properties of the MPB composition, BZT-50BCT, is still lacking; such a data set is indispensable for device design based on the material and also for further theoretical studies.
Recent theoretical models of MPB, 15, [17] [18] [19] in particular the model of tricritical-point type MPB, 6 and an experimental study 20 have shown that deviation from MPB (from both composition and temperature axis) will result in an increase of polarization anisotropy and thus a higher energy barrier for polarization rotation between h111i R and h001i T states. Accordingly, for a fixed composition, changing temperature will cause the system to go away from the MPB and thus lower the piezoelectric property. Therefore it is of interest to characterize the behavior of the BZT-50BCT ceramic over a wide temperature range. This is also of significance for practical applications.
In the present study, we determined a full set of elastic, dielectric, and piezoelectric constants (tensor components) for the BZT-50BCT ceramic of the MPB composition at room temperature (25 C) by using a resonance method. 21 ) were also determined as a function of temperature and show strong softening around room temperature as well. We thus suggest that the good piezoelectric properties of the MPB composition BZT-50BCT may stem from the low polarization anisotropy and also the elastic softening of the system at MPB.
II. EXPERIMENTAL PROCEDURES
The ceramic samples used in this study were the BZT-50BCT at the MPB regime around room temperature. The samples were fabricated with a conventional solid-state reaction method with starting chemicals of BaZrO 3 (98%), CaCO 3 (99.9%), BaCO 3 (99.95%), and TiO 2 (99.9%). The calcining was performed at 1350 C, and sintering was done at 1450 C in air. The Curie temperature (T C ) and ferroelectric phase transition temperature (T R-T ) were determined from the dielectric permittivity (e) versus temperature (T) curves. Ferroelectric hysteresis loops were measured with a ferroelectric tester at 10 Hz. The unipolar electrostrain was measured from poled diskshaped samples under an electric field of 500 V/mm using a MTI 2000 photonic sensor. All samples for the resonance measurement were poled at a temperature of 30 C under an electric field of 800 V/mm, and the frequency spectra were measured by a HIOKI 3532-50 LCR meter. After poling, the effective symmetry of the ferroelectric ceramic becomes 1m because the symmetry of a uniform DC field is 1m. 24 As a result, the poled ferroelectric ceramic has 10 independent electromechanical constants: five elastic, three piezoelectric, and two dielectric constants. 22 All the constants were measured and determined as follows. 22 The free and clamped permittivity (e 
III. RESULTS
From the phase diagram of the BZT-xBCT system [as shown in Fig. 1(a) ], a triple-point (also proved to be a tricritical point 6 ) type MPB between R and T exists. As reported earlier, 6 the MPB composition BZT-50BCT exhibits high piezoelectric properties around room temperature (d 33 $580-600 pC/N). In the following text, we will focus on the characterization of the BZT-50BCT specimen. Figure 1(b) shows its dielectric behavior as a function of temperature. The Curie temperature T C on cooling and heating is 93.6 and 94. 8 C, respectively. The tetragonal-rhombohedral phase transition temperature T TÀR (on cooling) and T RÀT (on heating) is at 20.5 and 29. 5 C, respectively, and such transition involves a large thermal hysteresis (9 C), indicating its first order nature. The electric field versus polarization hysteresis loop is shown in Fig. 1(c) . The MPB composition exhibits a remnant polarization (14.8 lC/cm 2 ) and a low coercive field (175 V/mm). Such a low coercive field reveals that the BZT-50BCT ceramic is quite "soft" with respect to the electric field because the free energy profile for polarization rotation is anisotropically flattened at the MPB. 6 Therefore the dielectric properties of the MPB composition BZT-50BCT (e In the following text, we present the elastic, piezoelectric, and dielectric properties of the BZT-50BCT ceramic. Table I lists the measured and derived elastic compliance and stiffness constants and compares these with those of the pure BaTiO 3 ceramic 25 and the soft PZT piezoelectric ceramic (PZT5A). 22 It is shown that although the BZT-50BCT ceramic belongs to the BaTiO 3 based system, its elastic properties are quite different from those of the BaTiO 3 ceramic; the elastic stiffness constants, such as c larger than those of the BaTiO 3 ceramic. It is interesting that BZT-50BCT has very close elastic properties like the soft PZT (PZT5A). This may be a remarkable result when considering using this Pb-free piezoelectric ceramic to substitute for soft PZT. Table II lists a full set of piezoelectric coefficients, electromechanical coupling factors, and dielectric permittivity and dielectric impermeability constants of BZT-50BCT ceramic and compares these constants with those of the pure BaTiO 3 ceramic 25 and the PZT5A piezoelectric ceramic. 22 For the dielectric properties, it should be noted that the dielectric permittivity (e , and e S 33 ) of the BZT-50BCT ceramic is almost two times as large as that of BaTiO 3 and PZT5A ceramics. The large permittivity contributes a lot to the high piezoelectric properties. 22 The sample shows remarkable piezoelectric properties, which are comparable with or even larger than that of the PZT5A ceramic. value measured by the Berlincourt-type d 33 meter because of the difference in measurement frequency. Finally, we show the temperature dependence of some important ferroelectric and piezoelectric properties of the BZT-50BCT ceramic. Figure 2(a) presents the polarization versus electric field hysteresis loop at 60, 20, and À50 C, respectively. All of them show a typical ferroelectric square hysteresis loop and an obvious temperature dependence. Figures 2(b)-2(g) reveal the temperature dependence of ferroelectric properties of the BZT-50BCT ceramic from À50 to 60 C. The spontaneous polarization [ Fig. 2(b) ], the remnant polarization [ Fig. 2(c)] , and the coercive field [ Fig. 2(d) ] show a slow increase with decreasing temperature. Such a tendency occurs because the system becomes "harder" when the temperature decreases. Figures 2(e) and 2(g) show the temperature dependence of the piezoelectric constant d 33 and the electromechanical coupling factor k 33 . It is clear that the properties are optimal around room temperature, and they decrease with deviation from the MPB regime (around room temperature). Upon lowering the temperature from room temperature to À50 C, the d 33 value drops from 546 to 93 pC/N, and the k 33 value decreases from 65 to 38%. The temperature range for BZT-50BCT with a d 33 higher than 400 pC/N is from 15 to 45 C. It is of interest that BZT-50BCT can exhibit appreciable piezoelectric properties even at low temperature (À50 C). At such a low temperature, the spontaneous polarization P m is 17.9 lC/cm 2 [ Fig. 2(b) ], the remnant polarization P r is 12.9 lC/cm 2 [ Fig. 2(c) ], the coercive field Ec is 354 V/mm [ Fig.  2(d)] , and the d 33 is 93 pC/N. The d 33 value is somewhat lower than that in the widely used PZT family ceramics, which can exhibit a higher d 33 of 175-250 pC/N at À50 C. 26 Such a temperature dependence of properties can be ascribed to the increasing polarization anisotropy and the energy barrier for polarization rotation with deviating from the MPB.
IV. DISCUSSION
We have determined a full set of material constants and measured the temperature dependence of several important properties for BZT-50BCT. It was found that there is a great enhancement of the piezoelectric performance at the MPB of composition BZT-50BCT. It is then of great interest to explore the origin of the high piezoelectricity. Being the same as the extensively used PZT, enhancement of the BZT-50BCT occurs at the MPB transition region as well. In the following, we will briefly discuss how the MPB of BZT-50BCT enhances the piezoelectricity from the aspects of polarization anisotropy and elastic softening.
First, the high piezoelectricity of BZT-50BCT mainly stems from a nearly vanishing polarization anisotropy and consequently a low energy barrier for polarization rotation and polarization extension. 6, 12, 15 Such a flattened free energy profile is caused by a tricritical point in the phase diagram where the cubic, tetragonal, and rhombohedral phases meet. 6 Note that one important evidence for the vanishing polarization anisotropy of this system is the enhanced dielectric permittivity (e , and e S 33 ), which is almost two times as large as that of the BaTiO 3 and PZT5A ceramics. In addition, the polarization extension also contributes to the dielectric and piezoelectric properties of this system due to the proximity of MPB to the Curie temperature. 12 We note that the d 15 of the system is 453 pC/N, which is smaller than its d 33 value. Such a behavior could also be ascribed to the fact that the enhancement is caused by both polarization rotation and polarization extension as d 33 is controlled by e 33 (favored by polarization extension), whereas d 15 is controlled by transverse permittivity e 11 (favored by polarization rotation). The contribution of polarization extension is also evidenced by the fact that e 33 is larger than e 11 in BZT-50BCT while the two are nearly equal in the BaTiO 3 and PZT-5A ceramics.
Second, it should also be noted that elastic softening plays an important role in the high piezoelectricity at the MPB as well. It was found in Table I that show a peak around the room temperature [ Fig. 3(b) ]. Both the dip temperature and peak temperature correspond to the piezoelectric properties anomaly. Thus the softening of the elastic constants contributes the high piezoelectric performance as well. Recent theoretical studies based on LandauDevonshire type free energy, 27 have shown that the elastic softening of the material in certain direction will also enhance the piezoelectricity. Our elastic stiffness results thus experimentally show that the high piezoelectricity not only relies on a low polarization anisotropy but also relates to a softening of lattice. 6, 27 These two effects go hand in hand because of the coupling of electric polarization with strain.
Finally, an important result should be noted. Although the BZT-50BCT ceramic belongs to BaTiO 3 based system, its elastic properties are quite different from those of the BaTiO 3 ceramic; the elastic stiffness constants and elastic compliance constants are much softer than those of BaTiO 3 but are comparable to those of PZT5A ceramic. One possible reason is that there exists the miniaturization of ferroelectric domains at MPB for both the BZT-50BCT and PZT5A ceramics; in contrast, the pure BaTiO 3 ceramic possesses no MPB.
It should be noted that the MPB in BZT-xBCT system is tilted, which would result in the high temperature sensitivity of the piezoelectric performance. It is anticipated that increasing the T C of two terminals (R and T) could turn the tilted phase boundary to be more vertical. Thus it is worthwhile to establish a triple-point-type MPB in high T C host systems (like potassium niobate, etc.) to develop high performance lead-free system with vertical MPB.
V. SUMMARY
In summary, we performed a systematic measurement of elastic, piezoelectric, and dielectric properties of Ba(Zr 0.2 Ti 0.8 )O 3 -50(Ba 0.7 Ca 0.3 )TiO 3 lead-free ceramic at morphotropic phase boundary (MPB) by using a resonance method. A full set of material constants were obtained that are of importance for both practical device design and fundamental study. Furthermore, the temperature dependence of the piezoelectric coefficients, the ferroelectric properties, and the elastic constants shows that the properties are optimal around room temperature (MPB temperature) and decrease with deviations from room temperature. Nevertheless the piezoelectric coefficient d 33 can maintain an appreciable level of 93 pC/N even at À50 C. The high piezoelectric properties can be ascribed to these factors: the low polarization anisotropy and polarization extension and elastic softening at MPB.
